During mitosis, the formation of microtubule-kinetochore attachments is monitored by the serine/threonine kinase Mono-Polar Spindle 1 (MPS1).
Introduction
Unattached kinetochores are detected by the spindle assembly checkpoint (SAC) (Musacchio, 2015) . During mitosis, generation of a checkpoint response, and recruitment of all other SAC proteins to kinetochores depends on the activity of a conserved protein kinase, MPS1 (Ciliberto and Hauf, 2017; Liu and Winey, 2012; Musacchio, 2015; Pachis and Kops, 2018) . MPS1 is phosphorylated by CDK1-CCNB1 at S281 and then localises to kinetochores as soon as the nuclear envelope breaks down and is lost from kinetochores as they attach Jelluma et al., 2010; Stucke et al., 2002) . MPS1 binds to kinetochores via multiple weak interactions with the HEC1/NDC80 complex in a manner competitive with microtubule binding (Hiruma et al., 2015; Ji et al., 2015) . This supports a simple model explaining the restriction of MPS1 activity to mitosis by the requirement for CDK1-CCNB1 and how MPS1-dependent checkpoint signaling is coupled to microtubule binding.
MPS1 activation at kinetochores requires autophosphorylation of the Tloop on threonine 676 (T676) (Jelluma et al., 2008a; Kang et al., 2007; Mattison et al., 2007) . Like other kinases, MPS1 is thought to trans autophosphorylate and thus self-activate, an event that would be promoted by clustering of several MPS1 molecules at an unattached kinetochore (Combes et al., 2018; Dodson et al., 2013; Kang et al., 2007) . Kinetochore localisation and activity of MPS1 are therefore linked. Inhibition of MPS1 activity by small molecule inhibitors or mutations in the MPS1 active site result in increased rather than decreased levels of MPS1 at kinetochores (Hewitt et al., 2010; Jelluma et al., 2010; Santaguida et al., 2010) . This is not simply explained.
However, autophosphorylation of the N-terminus of MPS1, in addition to relieving autoinhibition of kinase activity, has been suggested to promote release from the kinetochore, possibly by interfering with Hec1 binding (Combes et al., 2018; Wang et al., 2014) .
Since initiation of the spindle assembly checkpoint requires multi-site phosphorylation of KNL1, MAD1 and BUB1 by MPS1 as well as MPS1 phosphorylation by multiple kinases, termination of the checkpoint response must require phosphatases. Both PP2A-B56 and PP1 have been implicated in the process of dephosphorylating KNL1 and promoting spindle assembly checkpoint silencing (Espert et al., 2014; Nijenhuis et al., 2014) . However, the phosphatases acting on MPS1 and other checkpoint proteins still need to be clarified. PP1 has been implicated in dephosphorylating the MPS1 T-loop in flies (Moura et al., 2017) , although it is not clear whether this mechanism is conserved in mammals. PP2A-B56 exists in several spatially distinct populations in mitotic cells (Qian et al., 2013; Vallardi et al., 2019) . One pool is bound to the C-terminal domain of the BUBR1 protein via a conserved LxxIxE motif (Kruse et al., 2013; Suijkerbuijk et al., 2012; Xu et al., 2013) . This pool of PP2A-B56 has been shown to oppose both the Aurora B and the MPS1 kinases in chromosome alignment and spindle checkpoint signaling, respectively. Depletion of PP2A-B56 therefore results in mitotically arrested cells with unattached kinetochores (Espert et al., 2014; Foley et al., 2011; Maciejowski et al., 2017) . In addition to orchestrating spindle checkpoint signaling, MPS1 also contributes directly to the turnover of erroneous microtubule-kinetochore attachments by phosphorylating the Ska complex at microtubule-kinetochore junctions. Again, this activity of MPS1 is opposed by PP2A-B56 (Maciejowski et al., 2017 ).
Here we demonstrate that a BUBR1-dependent pool of PP2A-B56 is a key MPS1 T-loop phosphatase. Furthermore, we investigate the role of dynamic turnover of MPS1 T-loop phosphorylation by PP2A-B56 in checkpoint signaling and error correction.
Results and Discussion

MPS1 T-loop phosphorylation is controlled by PP2A
MPS1 activity is dynamically regulated by autophosphorylation at Threonine 676 (T676) in the T-loop of the kinase domain (Jelluma et al., 2008a; Kang et al., 2007; Mattison et al., 2007) . To identify the class of phosphatase acting at this site, mitotic HeLa cells expressing endogenously tagged MPS1-GFP were pre-treated with PPP family phosphatase inhibitors, then briefly incubated with MPS1 inhibitor (MPS1i) to stop T-loop autophosphorylation (Choy et al., 2017; Hewitt et al., 2010; Ishihara et al., 1989; Mitsuhashi et al., 2001) . In control cells, MPS1i addition resulted in the loss of the MPS1 pT676 signal ( Figure   1A and 1B, Figure S1A and S1B). The signal for total MPS1-GFP increased, in line with reports by other groups (Hewitt et al., 2010; Jelluma et al., 2010) .
Addition of the dual PP1/2A inhibitor (PP1/2Ai; calyculin) but not PP1 inhibitor (PP1i; tautomycetin), prevented the loss of the T-loop phosphorylation ( Figure   1A and 1B). Neither treatment affected the increase of MPS1-GFP levels at kinetochores upon MPS1 inhibition ( Figure 1A and 1C). These observations suggest that in mammalian cells, in contrast to Drosophila, a PPP-family phosphatase other than PP1 was involved in the turnover of the MPS1 T-loop phosphorylation.
To identify the PPP family phosphatase responsible for the turnover of the pT676 site, GFP-MPS1 cells were depleted of individual PPP family catalytic subunits using siRNA (Espert et al., 2014) . Depletion of the PP2A catalytic a subunit, the predominant PP2A catalytic subunit in HeLa cells (Janssens and Goris, 2001) , resulted in a significant retention of the pT676 signal following MPS1 inhibition, whereas none of the other depletions, including PP1a, b and g co-depletions, had the same effect ( Figure S1C -S1F).
This result was independent of whether cells had been arrested in mitosis or were passing through an unperturbed cell cycle (Figure 2SA and 2SB) . These data confirm the results of the phosphatase inhibitor treatments ( Figure 1A-1C ) and suggest that a PP2A phosphatase holoenzyme complex is responsible for modulating the MPS1-T676 phosphorylation.
BUBR1-bound PP2A-B56 regulates MPS1 T676 phosphorylation
Since the BUBR1-associated pool of the PP2A-B56 phosphatase had already been identified as the phosphatase acting on some MPS1 autophosphorylations and on MPS1 substrates at the kinetochore (Espert et al., 2014; Maciejowski et al., 2017; Qian et al., 2017) , this was the most likely candidate for the MPS1 T676 phosphatase. Indeed, depletion of all B56 subunits resulted in retention of the pT676 staining upon MPS1 inhibition whereas depletion of all B55 subunits had no effect ( Figure 1D and 1E, Figure   S1H ). The increase in kinetochore-bound MPS1 was not altered by depletion of either PP2A phosphatase ( Figure 1D and 1F). To define the required pool of PP2A-B56, BUBR1 was replaced with a mutant carrying two mutations in the PP2A-B56 binding site (BUBR1 L669A/I672A ) (Espert et al., 2014; Kruse et al., 2013) . In cells expressing GFP-BUBR1 L669A/I672A , but not wild type BUBR1, MPS1 T-loop phosphorylation was retained upon MPS1i treatment ( Figure   1G -1I and Figure S1I ). Together, these data show that during mitosis the MPS1 T-loop phosphorylation is dynamically controlled by the BUBR1-bound pool of PP2A-B56 ( Figure 1J ).
PP2A-B56 modulates MPS1 kinetochore localization by counteracting both MPS1 and Aurora B
MPS1 localization to unattached kinetochores is promoted by the CDK1-CCNB1 and Aurora B kinases and is opposed by its own activity Hewitt et al., 2010; Jelluma et al., 2010; Nijenhuis et al., 2013; Saurin et al., 2011; Zhu et al., 2013) . It has been suggested that release of active MPS1 from kinetochores is mediated by auto-phosphorylation of the MPS1 N-terminus (Wang et al., 2014) . We tested whether the phosphorylation status of T33 and S37 in the N-terminus of MPS1 was also regulated by PP2A-B56. In agreement with a published report, depletion of PP2A-B56 stabilized pT33/pS37 in the absence of MPS1 activity ( Figure 2A -2F) (Maciejowski et al., 2017) . Surprisingly, this did not result in decreased total MPS1-GFP at kinetochores ( Figure 2D -2F). Aurora B is a major positive regulator of MPS1 localization to kinetochores (Nijenhuis et al., 2013; Saurin et al., 2011; Zhu et al., 2013) , suggesting that PP2A-B56 may be simultaneously counteracting the MPS1 N-terminal autophosphorylations promoting MPS1 kinetochore release and the Aurora B-dependent kinetochore phosphorylations promoting MPS1 kinetochore accumulation.
Analysis of MPS1-GFP localization in cells briefly treated with Aurora B inhibitor (+AURKBi) confirmed that MPS1-GFP was lost from kinetochores upon Aurora B inhibition. This loss was not observed in cells that had been depleted of the PP2A catalytic a subunit or all PP2A-B56 regulatory subunits ( Figure 2G and 2H). PP2A-B56 therefore counteracts the MPS1 kinetochore recruitment mediated by Aurora B. This effect appears to be dominant over the self-ejection triggered by the N-terminal phosphorylation of MPS1, explaining why total MPS1-GFP kinetochore accumulation is not reversed by depletion of PP2A-B56.
MPS1-T675D/T676D is an active MPS1 kinase
To study the importance of MPS1 T-loop dephosphorylation by PP2A-B56 in isolation of the effect of PP2A-B56 on other substrates, we generated MPS1 Figure 3A and 3B, Figure 3G ).
This behavior of GFP-MPS1 KD and GFP-MPS1 AA is indicative of reduced or absent kinase activity (Hewitt et al., 2010; Jelluma et al., 2010) . In contrast, GFP-MPS1 DD exhibited decreased levels of kinetochore recruitment ( Figure   3A and 3B, Figure 3G ). This observation is consistent with the idea that a constitutively active form of MPS1 should induce its own ejection from the kinetochore more effectively than the wild type protein (Wang et al., 2014) .
Only induction of GFP-MPS1 WT or GFP-MPS1 DD resulted in the effective recruitment of BUBR1 to the kinetochore and supported a cell cycle arrest in response to nocodazole (Figure 3A. 3C and 3D Figure 3F ), and in all functional assays MPS1 DD kinase activity appeared to be sufficient to confer wild type levels of spindle assembly checkpoint proficiency ( Figure 3A -3D, Figure 3G ).
Unregulated MPS1 activity traps cells in mitosis
To test 
Constitutively active MPS1 results in impaired microtubule-kinetochore attachment formation
In addition to its key role in orchestrating the spindle assembly checkpoint, MPS1 has been reported to be an important modulator of microtubulekinetochore attachments (Jelluma et al., 2008b; Maciejowski et al., 2017; Santaguida et al., 2010) . Figure 5H ). Taken together, the phenotype of the GFP-MPS1 DD expressing cells therefore seems to be primarily a consequence of uncontrolled MPS1-mediated error correction activity rather than unrestrained spindle assembly checkpoint activity (Jelluma et al., 2008b; Maciejowski et al., 2017) .
MPS1 has two functions in the regulation of mitosis: it is the key regulator of the mitotic checkpoint, and at the same time it is also actively involved in error correction, a task which it shares with the Aurora B kinase (Pachis and Kops, 2018; Santaguida et al., 2010) . We find here that unregulated kinase activity of MPS1 has a greater effect on error correction than on spindle assembly checkpoint control. One in-built safe-guarding mechanism that mitigates the consequences of hyperactive MPS1 is the fact that MPS1 activity is negatively correlated with its residence time at the kinetochore (Hewitt et al., 2010; Jelluma et al., 2010 Figure   5 ). These observations are in line with the notion that MPS1 phosphorylates outer kinetochore targets, including the Ska complex to destabilize erroneous attachments (Maciejowski et al., 2017) . One interesting idea is that, in contrast to the spindle checkpoint initiating phosphorylation of KNL1, these phosphorylation events may not be entirely dependent on the kinetochore localization of MPS1 and could be catalyzed by a cytoplasmic pool of MPS1.
This would explain why for the regulation of kinetochore-microtubule attachments the unregulated nature of GFP-MPS1 DD is not offset by the shorter kinetochore residence time.
PP2A-B56 has been shown to counteract the microtubule-kinetochore attachment destabilizing activities of MPS1 as well as Aurora B (Foley et al., 2011; Kruse et al., 2013; Maciejowski et al., 2017; Suijkerbuijk et al., 2012; Xu et al., 2013) . Using the same phosphatase to oppose both kinases thus allows coordinated stabilization of microtubule-kinetochore attachments. Our data indicate that PP2A-B56 not only dephosphorylates important targets of MPS1 in the error correction pathway but also regulates key regulatory residues on 
Materials and Methods
Reagents and antibodies
General laboratory chemicals and reagents were obtained from Sigma- Transfusion Services) and affinity purified using the peptide sequence
CMQPDTpTSVVKDS. Generation of anti-KNL1 pT875 has been described previously (Espert et al., 2014) . Secondary donkey antibodies against mouse, rabbit, guinea pig or sheep and labelled with Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 647, Cy5, or HRP were purchased from Molecular Probes and Jackson ImmunoResearch Laboratories, Inc., respectively. Affinity purified primary and HRP-coupled secondary antibodies were used at 1µg/ml final concentration. For western blotting, proteins were separated by SDS-PAGE and transferred to nitrocellulose using a Trans-blot Turbo system (BioRad). Protein concentrations were measured by Bradford assay using Protein Assay Dye Reagent Concentrate (Bio-Rad). All western blots were revealed using ECL (GE Healthcare).
Molecular biology
Human MPS1 was amplified from human testis cDNA (Marathon cDNA; Takara Bio Inc.) using Pfu polymerase (Agilent Technologies). MPS1 expression constructs were made using pcDNA5/FRT/TO vectors (Invitrogen) modified to encode the EGFP or FLAG reading frames. Mutagenesis was performed using the QuikChange method (Agilent Technologies). DNA primers were obtained from Invitrogen. Small interfering RNA (siRNA) duplexes targeting PPP family phosphatase subunits, BUBR1 and MPS1 have been described before (Espert et al., 2014; Hayward et al., 2019; Zeng et al., 2010) . On-target SMARTPools were obtained from Dharmacon Horizon.
Cell culture procedures
HeLa cells and HEK293T were cultured in DMEM with 1% [vol/vol] GlutaMAX 
RNAi rescue assays
MPS1 siRNA rescue was performed by induction of GFP-MPS1 transgene for 6 h prior to a 48 h siRNA depletion of endogenous MPS1 using oligos against the 3'UTR (3′ UTR: 5′-UUGGACUGUUAUACUCUUGAA-3′, 5′-GUGGAUAGCAAGUAUAUUCUA-3′, and 5′-CUUGAAUCCCUGUGGAAAU-3' ). A second induction was performed 24 h into the siRNA depletion. GFP-BubR1 was induced 6 h prior to a 48h siRNA depletion of endogenous BubR1 using oligos against the 3'UTR (5'-
GCAATCAAGTCTCACAGAT-3′ (Espert et al., 2014)). A second induction was
performed 24 h into the siRNA depletion.
Mitotic Arrests and Inhibitions
Unless otherwise stated, mitotically arrested cells were generated by addition of Nocodazole (0.3 µM, 2.5 h) followed by MG132 (20 µM, 0.5 h). Monastrol washouts ( Figures 5D, 5E , 5F) were performed by adding Monastrol at 100 µM for 2.5 h, followed by a washing cells 3 times with warm PBS and 3 times with warm DMEM. In the case of Figure 5F , 20 µM MG132 was added for 60 min following washout. Cold treatment of cells ( Figure 5H ) was performed by incubating cells at 4 °C for 9 min prior to fixation to depolymerise microtubules that had not formed stable K-fibres. Inhibitor vehicle for all drugs was DMSO, and DMSO alone was added as control. 676/34) were used to sequentially excite and collect fluorescence images on a CoolSnap HQ2 CCD camera (Photometrics) using the software package softWoRx (GE Healthcare). Cells were imaged using a 0.2µm interval and a total stack of 2µm and deconvolved for presentation using softWoRx. Image stacks were imported into FIJI (Schindelin et al., 2012) for maximum intensity projection and saving as 8-bit TIFF files. TIFF files were imported into Illustrator CS6 (Adobe) for figure production. 
Quantification and Statistical Analysis
Image analysis was performed in FIJI and Excel (Microsoft). 10 Z-stacks with a 0.2 µm interval were sum projected for analysis. Relative protein kinetochore intensities ( Figures 1B, 1C, 1E , 1F, 1H, 1I, 2B, 2C, 2E, 2F, 2H, 3B, 3C, S1D, S1E) were determined by placing a 10-pixel wide circular region of interest over individual kinetochores and measuring the mean pixel 
Live cell microscopy and statistical analysis
Time-lapse imaging of cells with a paired control sample was performed on a DeltaVision Elite light microscopy system as described for fixed cell samples.
Fluorescence images were collected on a 512x512 pixel EMCCD camera (QuantEM, Photometrics) using the software package softWoRx (GE Healthcare). Cells were placed in a 37°C and 5% CO2 environmental chamber (Tokai Hit) on the microscope stage with lens heating collar. Cells were seeded on 2-chambered glass bottomed dishes (Lab-Tek) at 30,000 per well.
SiR-Hoechst (Spirochrome) was added 8h prior to imaging at a final concentration of 100nM. Typically, 7 planes were captured per cell 2µm apart every 2min with laser powers at 2% and 25ms exposures. Deconvolution and maximum intensity projections were performed using softWoRx, with image cropping performed using FIJI.
All other time-lapse imaging was performed using an Ultraview Vox spinning disc confocal system (Perkin Elmer) mounted on an Olympus IX81 inverted microscope, a 512x512 pixel EMCCD camera (ImagEM C9100-13, Hamamatsu Photonics) and Volocity software. Cells were placed in a 37°C
and 5% CO2 environmental chamber (Tokai Hit) on the microscope stage with lens heating collar. Imaging was performed using a 60x NA1.4 oil immersion objective, 4-12% laser power and 30-200ms exposure time. Typically, 19 planes, 0.6µm apart were imaged every 2min. Maximum intensity projection or summed projection of the fluorescent channels was performed in FIJI.
Statistical analysis of live cell imaging data ( Figure 2C , Figure 4D ) was carried out in GraphPad Prism. 728-1200 was expressed and purified as described before (Espert et al., 2014) .
Protein expression and purification
FLAG-MPS1
MPS1 kinase assays
For kinase assays, 1µg recombinant GST-Knl1 728-1200 was phosphorylated with 1µg recombinant FLAG-MPS1 on FLAG-agarose beads for 30min at 30°C in 50mM Tris-HCl pH 7.3, 50mM KCl, 10mM MgCl2, 20mM sodium β-glycerophosphate, 15mM EGTA, 0.2mM ATP (cold assay) or 0.1mM ATP (hot Assay), 1mM DTT, and 1µCi [ 32 P]γ-ATP (hot assay) per reaction.
Incorporation of g 32 P into MPS1 or pKNL1 875 intensity was used as a readout of kinase activity. Coomassie stained bands of FLAG-MPS1 with incorporated g 32 P on an SDS-PAGE were excised for scintillation counting. The mean proportion ± SD of MPS1 construct activity (cpm) relative to WT was determined across 2 independent experiments. The values were then normalised to the number of available phosphorylation sites to account for the fact that FLAG-MPS1 AA and FLAG-MPS1 DD were lacking two sites. These two proteins were considered to have ten available sites and FLAG-MPS1 WT and FLAG-MPS1 KD twelve (Dou et al., 2011; Tyler et al., 2009 ).
Online supplemental material Figure S1 shows the specificity of the MPS1 pT676 antibody, the full 
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